Tumor necrosis factor-related apoptosis-inducing ligand
Introduction
Tumor necrosis factor -related apoptosis-inducing ligand (TRAIL) is a member of the tumor necrosis factor subfamily. TRAIL is a promising anticancer agent for its ability to selectively induce apoptosis in tumor cells but not in normal cells (1, 2) . TRAIL-based therapies are now in phase I and II clinical trials (3) . TRAIL induces apoptosis through recognizing and binding to its cognate death receptors, DR4 and DR5 (also named as TRAIL-R1 and TRAIL-R2), on the cell surface (2, 3) . This ligand binding initiates receptor conformational changes and formation of a death-inducing signaling complex by further recruiting an adaptor molecule Fas-associated death domain and caspase-8/10, which consequently results in the autoactivation of caspase-8/10 to trigger the caspase cascade and eventually leads to apoptosis. However, the anticancer application of TRAIL is unfortunately shadowed by the fact that some types of cancer cells are resistant to TRAIL-induced cell death (4, 5) . This resistance is generally conferred by a few molecular changes, such as lower expression of cell surface death receptors, and/or higher expression of antiapoptotic molecules [e.g., decoy receptors, FLICE-like inhibitory protein (FLIP) and X-linked inhibitors of apoptosis proteins (XIAP); refs. 6, 7] . Thus, identification of sensitizing agents capable of overcoming such resistance and establishment of TRAIL-based combination regimens may facilitate an improved treatment of TRAIL-resistant cancers. Several sensitizing agents have been reported, including histone deacetylase inhibitors (8) , cyclin-dependent kinase inhibitors (9) , proteasome inhibitors (10) , and Myc oncoprotein and the Raf kinase inhibitor (11) . Previous work in our laboratory has also identified several phytochemicals to be effective in overcoming TRAIL resistance, such as luteolin by degradation of XIAP (12) and 3,3 ¶-diindolylmethane by down-regulation of FLIP (13) .
Andrographolide (Andro) is a diterpenoid lactone isolated from a traditional herbal medicine Andrographis paniculata. This compound is known to possess strong anti-inflammatory activity mainly via its inhibitory effect on nuclear transcription factor nuclear factor-nB (14) . We have reported previously that Andro is capable of using the death receptor -mediated apoptotic pathway to induce apoptosis in human cancer cells (15) . In the present study, we show that Andro sensitizes TRAILinduced apoptosis in TRAIL-resistant human cancer cells. Such sensitization effect is achieved through p53-dependent transcriptional up-regulation of DR4, a process mediated by several sequential events including reactive oxygen species (ROS) production, c-Jun NH 2 -terminal kinase (JNK) activation, p53 phosphorylation, and stabilization. Results from this study thus present a novel function of Andro as a potent sensitizer for TRAIL-induced apoptotic cell death.
Materials and Methods
Chemicals, Reagents, and Antibodies Andro, 4 ¶,6-diamidino-2-phenylindole (DAPI), and other common chemicals were all purchased from SigmaAldrich. Human recombinant TRAIL (carrier free) was from R&D Systems. Pan-caspase inhibitor Z-VAD-FMK, caspase-8 inhibitor Z-IETD-CHO, and caspase-3 inhibitor Z-DEVD-CHO were from Biomol. JNK inhibitor SP600125 was from Calbiochem. Trizol RNA extraction kit and LipofectAMINE 2000 transfection reagent were from Invitrogen. Anti-p53, anti-phosphorylated p53 (Thr  81 and  Ser  20 ) , anti-caspase-3, anti-caspase-8, anti-survivin, antiBcl-2, anti-Bcl-xL, and anti-Mcl-1 antibodies were from Cell Signaling. The anti-XIAP and anti-poly(ADP-ribose) polymerase (PARP) antibody were from BD PharMingen. Anti-DR4, anti-DcR1, anti-DcR2, anti-c-IAP1, anti-c-IAP2, and anti-a-tubulin antibodies were from Santa Cruz Biotechnology. Anti-DR5 antibody was from Chemicon. Anti-FLIP antibody, anti-DR4 and anti-DR5 antibodies used for receptor blockage were purchased form Alexis. Antibodies against DR4 and DR5 used for flow cytometry were from eBioscience. The secondary antibodies (horseradish peroxidase -conjugated goat anti-mouse IgG and rabbit anti-goat IgG) and the enhanced chemiluminescence substrate were from Pierce.
Cell Culture and Treatments Human liver cancer cells HepG2 and Hep3B, human cervical cancer cells HeLa, and human colorectal cancer cells HCT116 were all obtained from the American Type Culture Collection. An isogenic pair of HCT116 colon cancer cell lines was kindly provided by Dr. Bert Vogelstein (Johns Hopkins University; ref. 16 ). All cell lines were maintained in DMEM (Sigma-Aldrich) supplemented with 100 units/mL penicillin, 100 Ag/mL streptomycin, and 10% fetal bovine serum (Hyclone) under standard incubator condition (37jC, 5% CO 2 ). Andro was dissolved in DMSO at 100 mmol/L as stock solution, and human recombinant TRAIL was prepared in PBS containing 0.1% bovine serum albumin at 50 mg/mL.
Detection of Apoptosis
Cells undergoing apoptosis were evaluated by DAPI staining for morphologic changes including chromatin condensation and nuclear shrinkage as reported previously (12) . Briefly, after various designated treatments, medium was removed, and cells were fixed with 70% ethanol at room temperature for 10 min. This was followed by staining the fixed cells with 0.3 Ag/mL DAPI (in PBS) at room temperature for another 10 min and visualized under an inverted fluorescence microscope. The cell death was quantified by counting the percentage of cell with condensed nuclear among 200 randomly selected cells.
RNA Interference
For the RNA interference study, synthetic small interfering RNA (siRNA; scrambled siRNA and p53 siRNA) were from Qiagen. The cellular delivery of siRNA was carried out by using LipofectAMINE 2000 and optimized with various doses and post-transfection time and evaluated by Western blot experiment.
Immunoblot Analysis
For Western blot, equal amount of protein was fractionated on SDS-polyacrylamide gel in the Mini-PROTEAN II system (Bio-Rad) and blotted onto polyvinylidene difluoride membrane (Millipore). After blocking with 5% nonfat milk in TBST [10 mmol/L Tris-HCl (pH 7.5), 100 mmol/L NaCl, and 0.1% Tween 20], the membrane was probed with various antibodies and developed with enhanced chemiluminescence (Pierce) using a Kodak Image Station (Kodak).
Measurement of Cell Surface Expression of Death Receptors
The DR4 and DR5 cell surface expression was determined by flow cytometry as described previously with minor modification (17) . Briefly, after designated treatments, cells in six-well plates were collected with nonenzyme dissociation buffer (Sigma-Aldrich) and washed with PBS. Cells (5 Â 10 5 ) were incubated with 100 AL staining buffer containing saturating amounts of anti-DR4 or anti-DR5 antibody at room temperature for 30 min. After incubation, cells were washed twice with staining buffer and analyzed with flow cytometer (BD Biosciences).
Measurement of Intracellular ROS Production of intracellular ROS was examined by CM-H 2 DCFDA (Molecular Probe) as described previously (18) . Cells were loaded with 10 Amol/L CM-H 2 DCFDA for 30 min in culture medium at 37jC followed with the treatments as indicated. The cells were collected, and the fluorescence intensity was analyzed using the flow cytometer.
RNA Extraction and ReverseTranscription-PCR RNA extraction was carried out using a total RNA extraction kit (Trizol) following the instructions from the manufacturer. Total RNA (5 Ag) from each sample was subjected to reverse transcription using Moloney murine leukemia virus reverse transcriptase (Promega). For PCR, the amplification reaction was carried out with 200 pmol of each primer, 200 Amol/L of each deoxynucleotide triphosphates, and 0.5 units Taq DNA polymerase II (Promega). The reverse transcription-PCR primers used for glyceraldehyde-3-phosphate dehydrogenase, p53, DR4, and DR5 were based on our previous report (13) . PCR products were size fractionated using 1.0% agarose gel and visualized by ethidium bromide staining.
Results
Andro SensitizesTRAIL-Induced Apoptosis We first tested the cytotoxicity of TRAIL in human cancer cells originated from various tissues, including human hepatoma cells HepG2, human cervical cancer cells HeLa, and colorectal cancer cells HCT116. As shown in Fig. 1A , these three cell lines show different sensitivity to TRAILinduced cell death. HeLa and HCT116 cells are sensitive to as low as 2.5 ng/mL TRAIL. In contrast, HepG2 cells are rather resistant to TRAIL-induced apoptosis even at a much higher concentration (20 ng/mL). In contrast, Andro alone exhibits a similar dose-dependent cytotoxicity in both TRAIL-resistant cells and TRAIL-sensitive cells (IC 50 , f60 Amol/L; Fig. 1B ). To evaluate whether Andro could sensitize TRAIL-induced cell death, we treated three cell lines with the combination of Andro and TRAIL. As shown in Fig. 1C , when the cells were pretreated with Andro (7.5-30 Amol/L) for 2 h followed by a low cytotoxic concentration of TRAIL for 12 h, all three cell lines tested underwent dramatic apoptotic cell death as evidenced by the typical apoptotic morphologic changes detected by DAPI staining. Similar results were obtained using other methods such as MTT assay ( Supplementary Fig. S1A ). 3 In addition, we observed similar synergistic effects of Andro with lower concentrations of TRAIL on HepG2 cells ( Supplementary Fig. S1B ). 3 Andro Promotes TRAIL-Induced Caspase Activation It is well known that TRAIL-induced apoptosis is mainly executed by the extrinsic cell death receptor pathway, involving caspase-8 as the initiator and caspase-3 as the executor caspase (6) . Here, we first examined the effect of Andro on TRAIL-initiated caspase cascade. As shown in Fig. 2A , subtoxic dose of Andro or TRAIL alone has no evident effect on the cleavage of caspase-8 and caspase-3. Notably, pretreatment with Andro significantly augmented TRAIL-induced cleavage/activation of caspase-8 and caspase-3 as well as the cleavage of one of the caspase-3 substrates PARP ( Fig. 2A) . We next used various caspase inhibitors to confirm the role of caspase cascade in apoptotic cell death induced by Andro and TRAIL. As shown in Fig. 2B and C, the general caspase inhibitor (Z-VAD-FMK), caspase-8 inhibitor (Z-IETD-CHO), or caspase-3 inhibitor (Z-DEVD-CHO) are able to prevent PARP cleavage and apoptosis induced by the combined treatment of Andro and TRAIL. To further confirm the initiating function of caspase-8 activation in the apoptosis sensitized by Andro, we overexpressed a specific caspase-8 inhibitor protein (CrmA) in HepG2 cells. The overexpression of CrmA protein almost completely protected the cells from apoptotic cell death caused by Andro and TRAIL (data not shown). Therefore, it is believed that Andro enhances TRAIL-induced apoptosis mainly via promoting caspase-8 activation.
Andro Promotes FLIP-L Cleavage and XIAP Downregulation as a Result of Enhanced Caspase Activation
To understand the underlying mechanism responsible for the sensitization effect of Andro on TRAIL-induced apoptosis, we systematically examined the involvement of various apoptosis regulatory proteins. Reestablishment of TRAIL-induced cell death in TRAIL-resistant cells is usually conveyed by the down-regulation of antiapoptotic molecules, including FLIP, inhibitor of apoptosis proteins , and HeLa were pretreated with the indicated concentration of Andro for 2 h followed by treatment with a subtoxic concentration of TRAIL (10 ng/mL for HepG2 and 1 ng/mL for HCT116 and HeLa) for another 12 h. The percentage of apoptosis was determined using DAPI staining. Mean F SD of three independent experiments. Representative images of HepG2 cells with various treatments were photographed using a normal light microscope and an inverted fluorescence microscope. Magnification, Â200.
3 Supplementary material for this article is available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/).
(XIAP, c-IAP1, and c-IAP2), Bcl-2, Bcl-xL, and Mcl-1 (11 -13, 19, 20) . As shown in Supplementary Fig. S2A , 3 Andro significantly enhances TRAIL-induced cleavage of FLIP-L and reduction of XIAP protein level in HepG2 cells, whereas no evident changes are found for other apoptosis regulatory proteins. Moreover, ectopic expression of either FLIP-L or XIAP protected Andro-sensitized apoptosis ( Supplementary Fig. S2B ), 3 indicating that FLIP-L or XIAP plays an important role in the sensitization effect of Andro on TRAIL-induced apoptosis. Interestingly, the pan-caspase inhibitor Z-VAD-FMK almost completely reversed the effect of Andro on FLIP-L cleavage and XIAP down-regulation ( Supplementary  Fig. S2C ). 3 It is thus believed that the enhanced FLIP-L cleavage and XIAP protein down-regulation lie downstream of the increased caspase activation as the result, but not the cause, of Andro-induced sensitization on TRAIL-induced apoptosis.
Andro Sensitizes TRAIL-Induced Apoptosis via DR4 Up-regulation It has been well established that the decreased expression of TRAIL receptors DR4 and DR5 and/or up-regulation of the decoy receptors DcR1 and DcR2 account for TRAIL resistance in certain cancer cell lines (2, 6, 21) . To determine the possible role of TRAIL receptors in Andro-sensitized apoptosis, we first detected the protein levels of various TRAIL receptors in cells treated with Andro and TRAIL. As shown in Fig. 3A , Andro treatment markedly increases the expression of DR4 in HepG2 cells from 6 h onwards as detected by Western blot, whereas no evident changes were found for DR5, DcR1, and DcR2. To confirm the effect of Andro on DR4, we further detected the DR4 expression level at cell surface using flow cytometry. Consistently, Andro markedly increased the cell surface expression of DR4 but not DR5 (Fig. 3B ). Similar to a previous report (22) , it is noted that the basal level of DR5 is much higher than that of DR4 detected by either Western blot or flow cytometry (Fig. 3A  and B) .
To determine whether the increased DR4 protein level is due to enhanced gene transcription, we next measured the mRNA level of both DR4 and DR5 using RT-PCR (Fig. 3C) . Consistent with the changes of the protein level, significant increase of DR4 mRNA level was observed from 3 h onwards, preceding the increase of DR4 protein level. Taken together, it is clear that Andro treatment selectively up-regulates DR4 expression at transcriptional level.
DR4 Up-regulation Is Critical for the Sensitization Effect of Andro
To further elucidate the critical role of DR4 in Androinduced sensitization effects, we neutralized the function of TRAIL receptors by using DR4 or DR5 blocking antibody as reported previously (23) . It is evident that DR4 blocking antibody is able to suppress caspase-8 cleavage (Fig. 3D) and protect against apoptotic cell death induced by the combined treatment of Andro and TRAIL (Fig. 3E) . On the contrary, these effects could not be detected after neutralization with the DR5 blocking antibody. These results thus strengthen our argument that DR4 but not DR5 plays a key role in the sensitization effect of Andro on TRAIL-induced apoptotic cell death.
p53 Is Required for the DR4 Up-regulation and Enhanced Apoptosis Induced by Andro
It has been well documented that p53 tumor suppressor is one of the main transcription factors regulating the expression of both DR4 and DR5 (24 -26) . Here, we tested whether Andro-mediated DR4 transcriptional up-regulation is p53 dependent. We first showed that Andro treatment increases p53 protein level, which is coincident with the temporal change of DR4 protein level (Fig. 4A) . Next, we manipulated the p53 expression by using specific siRNA against p53. As expected, knockdown of p53 resulted in the suppression of Andro-induced DR4 up-regulation (Fig. 4B ) and consequently prevented Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. D, DR4 blocking antibody suppresses the cleavage of caspase-8 and PARP induced by Andro and TRAIL. HepG2 cells were pretreated with DR4 or DR5 blocking antibodies (10 Ag/mL) for 30 min followed by pretreatment with Andro (15 Amol/L Â 2 h) and then TRAIL (10 ng/mL) for another 12 h. At the end of treatment, cell lysates were collected for Western blot. E, DR4 blocking antibody prevents Andro-sensitized apoptosis. HepG2 cells were treated as indicated in D. At the end of treatment, cell death was determined using DAPI staining. Magnification, Â200.
Andro-sensitized apoptosis (Fig. 4C ). These observations thus establish that p53 is required for Andro-induced DR4 up-regulation and sensitization to TRAIL-induced apoptosis in HepG2 cells.
To further confirm the critical role of p53 in Androsensitized apoptosis in TRAIL-treated cells, we selected two pairs of cancer cell lines with different genetic features of p53: p53 wild-type HepG2 versus p53 mutant Hep3B cells (27) and p53 wild-type HCT116 versus p53 knockout HCT116 cells (16) . As shown in Fig. 5A , Andro plus TRAIL induce significant apoptosis in HepG2 cells but not in Hep3B cells. Similarly, the combined treatment causes obvious apoptotic death in HCT116 p53 wild-type cells but shows no effect in HCT116 p53 knockout cells (Fig. 5B) . We next examined the DR4 and p21 expression levels in HCT116 cells treated with Andro. As expected, on Andro treatment, the dramatic enhancement of DR4 could be detected in HCT116 p53 wild-type but only slight increase in HCT116 p53 knockout cells (Fig. 5C) , which is consistent to the change of p21, a well-established p53 target protein. Although p53 is a well-known transcriptional regulator of DR4 (24, 25) , nuclear factor-nB (28), c-myc (29) , and JAK/STAT pathway (30) also have been reported to be able to regulate the expression of DR4. Therefore, it is possible that other regulatory mechanisms may contribute to the slight up-regulation of DR4 in HCT116 p53 knockout cells. However, this slight up-regulation of DR4 is not sufficient to enhance the sensitivity of HCT116 p53 knockdown cells to TRAIL-and Andro-induced apoptosis (Fig. 5B) . Therefore, it is believed that upregulation of DR4 and sensitization of TRAIL-induced apoptosis by Andro are dependent on the presence of functional p53.
Andro Elevates p53 Expression through JNK-Mediated p53 Thr 81 Phosphorylation Activation of p53 may result from either the increased transcriptional level or post-translational modification and stabilization (31) . In this study, Andro did not affect the mRNA level of p53 (Supplementary Fig. S3A ).
3 Consistently, it was found that, in the presence of cycloheximide, a protein synthesis inhibitor, Andro significantly prolongs the half-life of p53 from 30 min to z2 h ( Supplementary  Fig. S3B ), 3 suggesting that accumulation of p53 protein by Andro is most probably due to its post-transcriptional regulation.
It has been well established that p53 protein level is mainly regulated via the ubiquitination and proteasome pathway, a process closely associated with the phosphorylation status of p53 (32, 33) . We next examined the pattern of p53 phosphorylation in response to Andro treatment. Notably, dramatic p53 phosphorylation at Thr 81 site was detected on Andro treatment, with concurrent increase Fig. S3C ). 3 On the contrary, we failed to detect any significant changes at the other phosphorylation sites, such as Ser 20 , in Androtreated cells, in contrast to the effect of etoposide, a DNAdamaging agent (Supplementary Fig. S3C) . 3 It has been documented that p53 Thr 81 is specifically phosphorylated by JNK in response to DNA damage and stress-inducing agents (34) . More importantly, JNK phosphorylation of p53 on Thr 81 is important for p53 stabilization and transcriptional activities as a stress response (35) . To assess the involvement of JNK in the activation of p53 by Andro, we determined the activation of JNK in Andro-treated cells. As shown in Fig. 6A , Andro promotes JNK phosphorylation in a temporal pattern consistent with that of p53 phosphorylation and stabilization and subsequent DR4 up-regulation.
JNK is readily activated by ROS (36) and separate reports showed that Andro triggers cellular accumulation of ROS as well as JNK activation (37, 38) . We thus examined whether ROS plays a role in Andro-induced JNK activation. The DCF assay revealed that the intracellular ROS level increased significantly following the treatment with Andro in both time-dependent and dosedependent patterns (Supplementary Fig. S4A) , 3 a process that could be completely blocked by an antioxidant N-acetylcysteine (NAC; Supplementary Fig. S4B ). 3 Next, we attempted to determine the role of Andro-induced ROS in the sequential events of JNK activation, p53 protein phosphorylation/stabilization, and DR4 upregulation. Pretreatment with NAC or JNK inhibitor (SP600125) led to significant inhibition of JNK activation and p53 phosphorylation (Fig. 6B) . Moreover, pretreatments with NAC or SP600125 also completely blocked the up-regulation of DR4 mRNA and protein level (Fig. 6C and D) . As a result, both reagents effectively abolished the sensitization effect of Andro on TRAILinduced apoptosis in HepG2 cells (Fig. 6E) . Taken together, the above results indicate that ROS-mediated Figure 5 . Andro sensitizes TRAIL-induced apoptosis in p53 wild-type cancer cells but not in p53-deficient cancer cells. A, HepG2 and Hep3B cells were pretreated with Andro (15 Amol/L) for 2 h followed by TRAIL (10 ng/mL) for another12 h. The percentage of apoptosis was determined using DAPI staining.
Mean F SD of three independent experiments. Magnification, Â200. B, HCT116 p53 wild-type cells and HCT116 p53 knockout cells were pretreated with Andro (15 Amol/L) for 2 h followed by TRAIL (1 ng/mL) for another12 h. The percentage of apoptosis was determined using DAPI staining. Mean F SD of three independent experiments. Magnification, Â200. C, Andro fails to enhance DR4 level in HCT116 p53 knockout cells. HCT116 p53 wild-type cells and HCT116 p53 knockout cells were treated with Andro (15 Amol/L) for 6 h or 12 h. At the end of treatment, cells were collected for detection of p53, DR4, and p21 using Western blot.
JNK activation by Andro accounts for the sensitization effect of Andro on TRAIL-induced apoptosis via sequential events including p53 phosphorylation/stabilization and DR4 up-regulation.
Discussion
The unique property of triggering apoptosis in a variety of human cancer cells while sparing normal cells makes TRAIL a highly promising cancer therapeutic agent. However, TRAIL resistance is a major limitation in its clinical application as a cancer therapeutic agent. One effective strategy to overcome this obstacle is to combine TRAIL with other anticancer agents (39) . Several chemical compounds have been identified as effective sensitizing agents to TRAIL-induced apoptosis, including some natural products (8 -10, 12, 13) . Results from this study provide substantial evidence that Andro, a diterpenoid lactone isolated from a traditional medicinal herb, is capable of sensitizing TRAIL-induced apoptosis in TRAIL-resistant cancer cells. Thus, this study presents a novel anticancer effect of Andro and supports its potential application in cancer therapy.
Andro Sensitizes TRAIL-Induced Apoptosis by Up-regulation of DR4
The expression level of death receptors (DR4 and DR5) plays a critical role in determining the cell fate in response (20 Amol/L for 30 min) followed by the treatment of Andro (15 Amol/L Â 2 h) and then TRAIL (10 ng/mL) for another 6 h. C, NAC and SP600125 prevent Andro-induced DR4 up-regulation. Cells were first pretreated with NAC and SP600125 as described in B followed by Andro (15 Amol/L Â 2 h) and then TRAIL (10 ng/mL) for another 3 h (for detection of DR4 mRNA level) and 6 h (for detection of DR4 protein level). D, NAC prevents Andro-induced cell surface expression of DR4. HepG2 cells were pretreated with NAC as described above followed by Andro (15 Amol/L) for 6 h. The cell surface expression of DR4 was measured using flow cytometry as described in B. Representative of three independent experiments. E, NAC and SP600125 inhibit apoptosis induced by Andro and TRAIL. HepG2 cells were treated with Andro (15 Amol/L Â 2 h) followed by TRAIL (10 ng/mL) for another 12 h. The percentage of apoptosis was measured with DAPI staining. Mean F SD of three independent experiments. Magnification, Â200.
to TRAIL (2, 6, 21) . Numerous literatures have shown convincing data that the up-regulation of DR4 and DR5 could sensitize TRAIL-resistant cells to TRAIL-induced cell death (22, 40) . In this study, it is believed that Androinduced sensitization on TRAIL-induced apoptosis is mainly executed via modulation of DR4, but not DR5, based on the following observations. First, Andro selectively enhanced the expression level of DR4 in HepG2 cells (Fig. 3A and B) . Second, the administration of blocking antibody of DR4, but not DR5, effectively protected the cell death induced by combination of Andro and TRAIL ( Fig. 3D and E) , further confirming that up-regulation of DR4 is functionally important in Andro-sensitized apoptosis.
At present, there are inconsistent reports whether DR4 or DR5 is the main mediator for TRAIL-mediated apoptosis in cancer cells. It has been well reported that, in chronic lymphocytic leukemia cells, DR4 seems to be the principal receptor in response to TRAIL in the presence of histone deacetylase inhibitors (41 -43) . Suppression of DR4 expression or function by homozygous deletion or epigenetic silencing led to TRAIL resistance (44, 45) . Recently, Kurbanov et al. used an established cell culture model for TRAIL resistance and regained TRAIL sensitivity and indicated that significant down-regulation of initiator caspase and DR4 was characteristic for TRAIL-resistant melanoma cells (46) . Additionally, another recent report suggested that reactivation of DR4 expression contributed to restore sensitivity of melanoma cells to IFN-h or Apo2L/ TRAIL (47) . Moreover, Aza-Blanc et al. reported that a siRNA targeting DR4 was effective in blocking TRAILinduced apoptosis, whereas knockdown of DR5 failed to confer any protection (48) . In this regard, DR4 represents the major determinant of TRAIL sensitivity in certain cancer cells. On the other hand, there is evidence that DR5 may play a more prominent role than DR4 in mediating apoptotic signals emanating from TRAIL in cells expressing both death receptors (49) and TRAIL binds with a higher affinity to DR5 than to DR4 in some cells (50) . One possible explanation for such inconsistent results might be the different expression levels of these two receptors in different types of cancer cells. In line with some previous studies (22), we found that in HepG2 cells DR5 is expressed in a much higher basal level but is more insensitive to regulatory mechanisms. In contrast, DR4 with a very low basal level is susceptible of being up-regulated by p53. Such a difference may well explain the fact that it is DR4 that is responsible for the sensitization effect of Andro to TRAILinduced apoptosis.
Andro Up-regulate s DR4 via p5 3 -Dependent Transcriptional Regulation
The tumor suppressor gene p53 is a key apoptosis regulator in cancer cells and one of its proapoptosis functions is achieved via transcriptional activation of death receptors (24, 25) . In the present study, we found that p53 played a critical role in Andro-sensitized apoptosis through up-regulation of DR4, owing to the following findings. First, RNA interference of p53 could effectively inhibit Andro-induced DR4 up-regulation (Fig. 4B) and abolish the apoptotic cell death induced by the combined treatment of Andro and TRAIL (Fig. 4C) . Second, evident apoptotic cell death and DR4 up-regulation were only observed in p53 wild-type cancer cells but not in p53-deficient cells (Fig. 5A and B) . It is thus believed that Andro is capable of enhancing TRAIL-mediated cancer cell apoptosis via activating p53-dependent DR4 transcription.
The involvement of p53 in control of DR4 and DR5 transcription remains contradictory. Original work mainly by El-Deiry's group identified DR5 as the main target of p53 as the molecular link between the apoptotic pathways mediated by DNA damage and cell death receptors (51, 52) . On the other hand, there is convincing evidence showing that DNA damage-induced p53 activation also leads to DR4 up-regulation (24, 25) . It is likely that p53 is important for both DR4 and DR5 depending on the context including the nature of stimuli and the cell type. It remains to be further tested whether p53-mediated DR4 up-regulation is also applicable to other TRAIL-resistant cancer cells. One implication of such findings is that the therapeutic value of TRAIL is at least partly dependent on functional p53 in cancer cells and the sensitization effect of Andro may only be achievable in p53 wild-type cancer cells.
Andro Stabilizes p53 Protein via Oxidative Stress and JNK Activation
It has been well established that p53 activity is mainly regulated through complex networks of post-translational modifications, including phosphorylation, ubiquitination, and proteasome degradation (32, 33) . The phosphorylation status of p53 directly affects MDM2 binding and subsequent ubiquitination and proteasome degradation. At present, more than a dozen phosphorylation sites have been mapped on p53, but only a few have been characterized with respect to the phosphorylating kinase and the relevance to p53 activities (32) . Among them, activation of JNK has been linked with p53 Thr 81 phosphorylation in response to DNA damage and stress-inducing agents (34) . Consistently, we observed p53 phosphorylation at Thr 81 , but not Ser 20 in response to Andro treatment, in contrast to the effect of etoposide, a DNA-damaging agent. Meanwhile, it is intriguing to note that no up-regulation of DR4 was found in cells treated with etoposide despite the equally enhanced total p53 protein level (Supplementary Fig. S3C ). 3 The mechanism underlying such a discrepancy remains to be further investigated. More importantly, pretreatment of SP600125, a specific JNK inhibitor, suppressed Androinduced JNK activation and thus abrogated p53 phosphorylation, total p53 protein accumulation, DR4 up-regulation, and subsequent cell death induced by combined treatment of Andro and TRAIL (Fig. 6) . Collectively, our data reveal a sequence of events elicited by Andro, from ROS production to JNK activation, p53 phosphorylation, and stabilization to DR4 up-regulation and eventually enhanced cell death.
In conclusion, this study shows a novel anticancer effect of Andro: Andro is capable of activating p53 function via ROS-dependent JNK activation, leading to DR4 up-regulation and sensitization to TRAIL-induced apoptosis in
